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In stru men tal neu tron ac ti va tion anal y sis is used to de ter mine a con tent of 47 el e ments (Na,
Mg, Al, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Ni, Co, Cu, Zn, As, Se, Br, Rb, Sr, Zr, Mo, Ag, Cd, Sb,
I, Ba, Cs, La, Ce, Nd, Sm, Eu, Gd, Tb, Dy, Tm, Yb, Lu, Hf, Ta, W, Au, Hg, Th, and U) in mosses 
(Homolothecium sp., Hypnum cupressiforme Hedw., and Brachythecium mildeanum (Schimp.)
Schimp.) and li chen (Cladonia fimbriata (L.) Fr.) col lected in three lo ca tions in East ern Ser bia
over years 2006-2010. Con cen tra tions of six el e ments (Zr, Nd, Gd, Tm, Yb, and Lu) in mosses
in Ser bia are mea sured for the first time. For other el e ments, the ob tained con cen tra tions fall
within the ranges re ported for mosses and li chens in Eu rope, but no de clin ing trend in con cen -
tra tions of V, Cd, Cr, Zn, Ni, Fe, and Cu, that has been de scribed in the lit er a ture, can be in -
ferred from our re sults. Fac tor anal y sis shows that terrigenous and in dus trial com po nents are
the high est con trib ut ing fac tors to the el e men tal com po si tion and that the most pol luted mea -
sure ment site is in the vi cin ity of a cop per min ing and smelt ing com plex.
Key words: biomonitoring, moss, li chen, in stru men tal neu tron ac ti va tion anal y sis,
el e men tal com po si tion, fac tor anal y sis
IN TRO DUC TION
Mosses and li chens are con sid ered good
bioindicators of at mo spheric pol lu tion in the en vi ron -
ment. El e men tal com po si tion of both spe cies de pends
highly on ma te rial ex change with the at mo sphere as they
have no root ing sys tem. There fore, their el e men tal con -
tent is gen er ally a re sult of pre cip i ta tion and dry de po si -
tion. Since their first use in the Scan di na vian coun tries as
a com ple men tary method to clas si cal in stru men ta tion
pol lu tion mon i tor ing [1, 2], biomonitoring ca pac ity of
both plant spe cies has been well es tab lished for heavy
met als [3] and radionuclides [4]. Mosses and li chens as
biomonitors of radiocaesium have been es pe cially stud -
ied af ter the Chernobyl nu clear plant ac ci dent in 1986
[5-8], and more re cently as mon i tors of other air borne
radionuclides [9-13]. Mosses and li chens have also been
used in stud ies of con tam i na tion by de pleted ura nium
[14]. Trans planted mosses have fur ther been uti lised
within the so-called moss bag tech nique, to mon i tor air -
borne pol lu tion in in dus trial and ur ban ar eas [15-18].
Up take of el e ments is a com plex pro cess that de -
pends not only on their na ture and char ac ter is tics, but
also on the physicochemical and bi o log i cal pro cesses
in the plants [19, 20]. Some es sen tial met als for liv ing
or gan isms (e. g., Fe, Cu, Zn, Co, Mo, and Mn) are
highly toxic at high con cen tra tions. In con trast, met als
such as Hg, Pb, Sn, Ni, Cr, and As, which are not es -
sen tial for liv ing or gan isms, are toxic at quite low con -
cen tra tions [21]. Both mosses and li chens re tain met -
als in quan ti ties higher than their bi o log i cal
re quire ments [20], but the ac cu mu la tion ca pac ity of
mosses seems to ex ceed that of li chens [22, 23].
Since the first joint moss sur vey con ducted over
1995-1996 [24], moss biomonitoring has be come a part
of pol lu tion mon i tor ing programmes in most of the Eu -
ro pean coun tries. This method gives ev i dence of
anthropogenic im pact in ur ban ar eas (such as ve hic u lar
traf fic and fos sil fuel com bus tion) and can be used to
iden tify sources of en vi ron men tal pol lu tion by heavy
met als (such as ore ex ploi ta tion and ag ri cul tural ac tiv i -
ties) [25, 26]. In Ser bia, mosses as biomonitors have
been used in a num ber of stud ies. For ex am ple, the first
sys tem atic study, cov er ing north ern parts of the coun try
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and iden ti fy ing the spa tial dis tri bu tion of dif fer ent el e -
ments in mosses as well as pol lu tion sources, was con -
ducted in 2000 [27]. This study im plied rel a tively high
con cen tra tions of cop per, mo lyb de num, iron, cae sium,
ar senic, and va na dium in Ser bia. 
Ser bia is one of the par tic i pat ing coun tries in the
In ter na tional Co op er a tive Programme (ICP) Veg e ta -
tion (http://icpvegetation.ceh.ac.uk/in dex.html). It took 
part in the Eu ro pean moss sur veys con ducted in 2000
[28] and 2005 [29], but not in 2010 [30]. While in 2000,
only the north ern parts of Ser bia were in ves ti gated [27], 
in 2005, sam pling was per formed uni formly and 80 %
of the coun try's area was cov ered by moss mea sure -
ments [31]. The sam pling lo ca tions in both stud ies in -
cluded the re gion of East ern Ser bia and the ma jor ity of
the col lected sam ples con tained Hypnum cupressiforme
Hedw. [32]. Hypnum cupressiforme spe cies is the first
choice for moss sam ples in ar eas where the pre ferred
spe cies Pleurozium schreberi and Hylocomium
splendens are not readily avail able [32, 33].
In our study, the moss sam ples were col lected in
East ern Ser bia over 2006-2009, and their el e men tal
com po si tion was de ter mined. Three moss spe cies
were col lected; one was Hypnum cupressiforme, as
rec om mended by the ICP Veg e ta tion Programme.
Since our sam pling lo ca tions rep re sented a sub set of
the lo ca tions cov ered in ear lier moss sur veys, the ob -
tained re sults could give an in di ca tion of the pol lu tion
over the pe riod dur ing which Ser bia did not take part in 
the Eu ro pean moss sur veys of the ICP Veg e ta tion
Programme. Those sur veys are one of the most com -
pre hen sive un der tak ings in en vi ron men tal mon i tor ing 
across Eu rope, and their spa tial and tem po ral cov er age 
en ables draw ing con clu sions such as the spa tial con -
cen tra tion gra di ents and tem po ral trends. In that sense, 
a sig nif i cance of our re sults could lie in bridg ing the
gap in Ser bia's moss sur vey par tic i pa tion.
An other ob jec tive of our study was to as sess
vari a tions in el e men tal com po si tion be tween dif fer ent
sam pling sites in East ern Ser bia by means of moss and
li chen spe cies. We de scribed a re la tion ship be tween
dif fer ent el e ments us ing fac tor anal y sis, which helped
us to iden tify un der ly ing as so ci a tions as well as sig na -
tures of the pol lu tion sources in the re gion.
MA TE RIAL AND METH ODS
Sam pling sites
Sam ples of moss and li chen spe cies were col -
lected in the re gion of East ern Ser bia (fig. 1). The sam -
pling area in cluded small towns of Sokobanja and
Gamzigrad, and the Djerdap Na tional Park.
Sokobanja (mean el e va tion 400 m a.s.l.), a spa town
with the pop u la tion of about 8000, is lo cated be tween
the Carpathian and Bal kan Moun tains and is a pop u lar
tour ist des ti na tion in Ser bia. Ap prox i mately 50 km
north east of Sokobanja, at an al ti tude of 160-180 m
a.s.l., lies an other small spa town, Gamzigrad (pop u la -
tion around 1000). Fur ther north, stretch ing for about
100 km along the right bank of the Dan ube, the
Djerdap Na tional Park is lo cated. With the to tal area of 
around 640 km2, the park en com passes a nar row for -
ested re gion with the width 2-8 km, and the al ti tude
50-800 m a.s.l. The cli mate of the re gion is con ti nen -
tal, with cold win ters and hot sum mers.
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Fig ure 1. The re gion of South east Eu rope (left) with the in set show ing the lo ca tion of East ern Ser bia; sampling sites in
East ern Ser bia (right), Sokobanja, Gamzigrad, and Djerdap are given in white cir cles, and the main pol lu tion sources in
the re gion, Bor, Prahovo, and Majdanpek in black cir cles; the num ber of moss and li chen sam ples col lected at each site is
also de noted
The main sources of en vi ron men tal pol lu tion in
the re gion of East ern Ser bia are the Bor cop per min ing
and smelt ing com plex, Majdanpek min ing ba sin, and
Prahovo chem i cal fac tory (fig. 1). The Cop per Mines
Bor com plex in cludes one un der ground and two open
pits, two plants for min eral pro cess ing, one non-metal
mine, as well as a cop per smelter and re fin ery with two
lines that have been op er a tional since 1961 and 1971
(http://rtb.rs/en/ ac cessed No vem ber 29, 2016). The
cop per mine Majdanpek, with an open pit and con cen -
tra tor, and Prahovo, a fa cil ity for pro duc tion of super -
phos phates and var i ous gran u lates, were both a part of
the Cop per Mines Bor com plex since its foun da tion,
un til 2012 when Prahovo was pri va tised
(http://www.elixirprahovo.rs/en ac cessed March 7,
2017). The Bor com plex has been iden ti fied as the ma -
jor pol lu tion source in East ern Ser bia [27, 34].
SAM PLING AND SAM PLE PREP A RA TION
Sam ples of mosses were ran domly col lected in two 
lo ca tions, Sokobanja and the Djerdap Na tional Park (the
num ber of sam ples per site is given in fig. 1), dur ing
years 2006, 2008, and 2009, re spec tively. Three dif fer ent 
spe cies were col lected: Homolothecium sp., Hypnum
cupressiforme Hedw., and Brachythecium mildeanum
(Schimp.) Schimp. For each lo ca tion, Homolothecium
sp. and Brachythecium mildeanum (Schimp.) Schimp.
con trib uted at least 50 % and 25 %, re spec tively, to the
to tal num ber of sam ples. In other words, the max i mum
con tri bu tion of the Hypnum cupressiforme Hedw. sam -
ples was 25 % of the to tal. Sam ples of the li chen spe cies
Cladonia fimbriata (L.) Fr. were also ran domly col lected 
in two lo ca tions, Gamzigrad and the Djerdap Na tional
Park (the num ber of sam ples per site is given in fig. 1),
over years 2006-2009 and in 2010, re spec tively.
Sam ples of whole plants, both mosses and li -
chens, were col lected. In Sokobanja, the sam ples were
taken at the town for ested park and along the town
river bank; in Gamzigrad, along the town river bank
and lo cal hills; while in the Djerdap Na tional Park, fol -
low ing the ap proval of the au thor i ties sam pling was
per formed by the rang ers to mini mise the en vi ron men -
tal dis tur bance.
At the sam pling sites, the plants were sealed in
plas tic bags and trans ported to the In sti tute for Ap pli -
ca tion of Nu clear En ergy, Ser bia, where they were
cleaned of me chan i cal im pu ri ties (e. g., soil, grass, and 
tree bark) and then air dried at room tem per a ture. The
dried sam ples were packed in pa per bags and kept in -
tact in a stor age room of the In sti tute un til 2012 when
they were repacked in plas tic bags, la belled and
shipped to the Joint In sti tute for Nu clear Re search, in
Dubna, Rus sia, for in stru men tal neu tron ac ti va tion
anal y sis (here in af ter, INAA). 
Prior to the anal y sis, the sam ples were fur ther
dried to a con stant weight at 30-40 °C for 48 hours.
The sam ples were nei ther washed nor ho mogen ised,
as the pre vi ous ap pli ca tion of INAA in moss
biomonitoring has shown that sam ples of 0.3 g were
suf fi ciently large to be used with out ho mogeni sa tion
[2]. The moss sam ples were palletised be fore ir ra di a -
tion us ing sim ple press forms. For short ir ra di a tion,
sam ples of about 0.3 g were heat-sealed in poly eth yl -
ene bags. For long ir ra di a tion, sam ples of the same
weight were packed in alu minium cups. The li chen
sam ples were packed in the same man ner but with out a 
prior palletisation.
IN STRU MEN TAL NEU TRON
AC TI VA TION ANAL Y SIS
In stru men tal neu tron ac ti va tion anal y sis is an
ac cu rate and re li able method for per form ing a
multielement anal y sis in a large set of sam ples and has
been used in a num ber of dif fer ent en vi ron men tal stud -
ies [25, 35, 36]. In our study, the INAA was per formed
at the pulsed fast re ac tor IBR-2 at the Frank Lab o ra -
tory of Neu tron Phys ics of Joint In sti tute for Nu clear
Re search, in Dubna, Rus sia [35, 37, 38]. A con tent of
47 el e ments (Na, Mg, Al, Cl, K, Ca, Sc, Ti, V, Cr, Mn,
Fe, Ni, Co, Cu, Zn, As, Se, Br, Rb, Sr, Zr, Mo, Ag, Cd,
Sb, I, Ba, Cs, La, Ce, Nd, Sm, Eu, Gd, Tb, Dy, Tm, Yb,
Lu, Hf, Ta, W, Au, Hg, Th, and U) was de ter mined us -
ing short- and long-time ac ti va tion. The ob tained
gamma spec tra were reg is tered and ana lysed as de -
scribed in [39, 40]. 
To pro vide qual ity con trol, a con tent of el e ments
yield ing short- and long-lived iso topes in the moss and 
li chen sam ples was de ter mined us ing cer ti fied ref er -
ence ma te ri als is sued by the In ter na tional Atomic En -
ergy Agency: li chen (IAEA-336), to mato leaves
(SRM-1573a), and coal fly ash (SRM-1633b). For
short ir ra di a tion, the three ref er ence ma te ri als were ir -
ra di ated to gether with ten ex per i men tal sam ples. For
long ir ra di a tion, the ref er ence ma te ri als were packed
and ir ra di ated to gether with seven to nine sam ples in
each trans port con tainer.
FAC TOR ANAL Y SIS
The mea sured el e men tal com po si tion was fur -
ther in ves ti gated us ing fac tor anal y sis, a multivariate
method that al lows an iden ti fi ca tion of com mon char -
ac ter is tics of a num ber of vari ables. Fac tor anal y sis
ex plores mu tual cor re la tions of the vari ables, and then
groups the vari ables ac cord ing to the strength of their
cor re la tion. The un der ly ing com mon in flu ence for
each group is called “a fac tor” which, un der the as -
sump tion of fac tor anal y sis, can not be mea sured di -
rectly.
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Re sults of fac tor anal y sis are given as fac tor
load ings that quan tify the con tri bu tion of each vari -
able to a fac tor. Fac tors with high fac tor load ings are
better ac counted for by the vari ables. “Ex plained vari -
ance” is an other re sult given in fac tor anal y sis. It
stands for a per cent of the to tal vari ance of the vari -
ables that is ex plained by a given fac tor, and it is used
to as sess an in flu ence of that fac tor on the to tal set of
the vari ables.
RE SULTS AND DIS CUS SION
Mosses
A con tent of 47 el e ments was de ter mined in the
sam ples of mosses at two lo ca tions, Sokobanja and the 
Djerdap Na tional Park. Con cen tra tions of six el e -
ments (Zr, Nd, Gd, Tm, Yb, and Lu) are re ported for
mosses in Ser bia for the first time. Ta ble 1 gives the
means, stan dard de vi a tions and ranges of the mea -
sured con cen tra tions in all moss sam ples per each lo -
ca tion. 
In an at tempt to in ves ti gate tem po ral and spa tial
vari a tions in moss el e men tal com po si tion, we com -
pared our re sults to the lit er a ture data, namely to the
Eu ro pean moss sur veys and lo cal stud ies in Ser bia. El -
e ments of spe cial in ter est, as re ported in [30], their
mean and me dian con cen tra tions are given in tab. 2.
We com pared: a) the mean con cen tra tions mea sured in 
mosses in Ser bia over years 2006-2009 to the con cen -
tra tions given in [30] for the 2010 Eu ro pean moss sur -
vey; and b) the me dian con cen tra tions in Ser bia to the
me dian con cen tra tions in 2010 re ported for Ser bia's
neigh bour ing coun tries: Al ba nia, Bul garia, Croatia,
Mac e do nia, and Ro ma nia [30].
Most of the ob tained con cen tra tions were within
the range of the mean val ues re ported for Ser bia's
neigh bour ing coun tries (tab. 2). This agrees with the
gen eral spa tial pat tern of heavy met als in mosses – an
in crease from North west to South east Eu rope [41],
whereby in Al ba nia a high con tent of heavy met als is
de tected. Thus, in mosses col lected dur ing years
2010-2011, the me dian val ues of As, Cr, Ni, Al, and Fe 
were higher in Al ba nia than in the rest of Eu rope [42],
which was in flu enced, to some ex tent,  by the re gional
in dus trial ac tiv i ties [43]. There were two ex cep tions,
how ever - ar senic and mer cury in our study (tab. 2)
showed con cen tra tions com pa ra ble to the high est con -
cen tra tions of the given ranges for Eu rope [30].
Ar senic is mod er ately toxic to plants but more
toxic and car ci no genic to mam mals [24]. The ma jor
source of anthropogenic ar senic emis sion was coal
com bus tion in the early 1990, but later, “non-fer rous
met als in dus try” and “other man u fac tur ing in dus tries
and con struc tion” were iden ti fied as the pri mary
sources [32]. The high est mea sured con cen tra tions of
As re ported in [30] were larger than 1.6 mgkg–1, and
they were de tected in the coun tries east of Ser bia, in -
clud ing its near est neigh bours, Bul garia and Ro ma nia. 
The As abun dance in mosses in the Bal kan coun tries is 
a con se quence of the soil min eral com po si tion [34].
The me dian of the As con cen tra tions found in our
study was higher by a fac tor of two than the me dian
con cen tra tions re ported for years 2000 and 2005 (tab.
3), which can, to a cer tain ex tent, be ex plained by the
fact that the soils in the in ves ti gated re gion of East ern
Ser bia con tain re mark ably high con cen tra tions of As
[44]. How ever, its anthropogenic sources, such as the
burn ing of coal, which can con tain con cen trated As
[45], are also ex pected to con trib ute to the ob served
con cen tra tions. 
Mer cury, on the other hand, is very toxic to most
or gan isms [24]. Its main sources of anthropogenic
emis sion in 2005 were “pub lic elec tric ity and heat pro -
duc tion”, and “man u fac tur ing in dus tries and con struc -
tion” [32]. How ever, due to its greater (than the other el -
e ments) hemi spheric long-range trans port, mosses in
Eu rope showed a rel a tively ho mo ge neous spa tial dis tri -
bu tion of mer cury that did not fol low the gen eral pat tern 
of an in crease from North west to South east Eu rope
[46]. The mean mer cury con cen tra tion in our study was
com pa ra ble to the high est con cen tra tions mea sured in
moss sam ples from Al ba nia [30], but the me dian was
lower than the me dian in year 2000 (tab. 3).
As a re sult of their lower emis sions and de po si -
tions across Eu rope, a gen eral de crease in con cen tra -
tions of el e ments of spe cial in ter est in mosses in Eu -
rope since 1990 has been found [41, 47]. For ex am ple,
the larg est de crease in the me dian con cen tra tion in
mosses since 1990 were re ported for lead (77 %), va -
na dium (55 %), and cad mium (51 %), fol lowed by a
de cline of less than 50 % in chro mium, zinc, nickel,
iron and cop per [41]. How ever, spo radic re gions with
no change or even an in crease in con cen tra tions were
also noted [41]. A de crease in the con cen tra tion of el e -
ments of spe cial in ter est could not be sup ported firmly
by our re sults (tab. 3). An ex cep tion may be cad mium
whose con cen tra tion in moss is: (a) largely in flu enced
by a long-range trans port of air pol lu tion [41], and, (b)
a good in di ca tor of cad mium at mo spheric de po si tion
[48].
We fur ther cal cu lated the el e men tal con cen tra -
tion ra tios for mosses sam pled in Sokobanja and the
Djerdap Na tional Park. The ra tios were be tween 0.4
and 2.3, in di cat ing that there were no ma jor dif fer -
ences be tween the sam pling lo ca tions.
We also com pared moss el e men tal com po si tion
to the re sults of the moss stud ies con ducted in Ser bia,
but in sig nif i cantly dif fer ent en vi ron ments. Re sults for 
mosses col lected in Bel grade, the cap i tal of Ser bia, in
2004 were re ported in [25]. In [49], moss sam ples
were col lected near the Nikola Tesla power plant (ap -
prox i mately 25 km west of Bel grade) in 2009. An ear -
lier study, whereby moss sam pling was per formed in
2002, also cov ered the area around this power plant
J. V. Ajti}, et al.: El e men tal Com po si tion of Moss and Li chen Spe cies in East ern ...
278 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2018, Vol. 33, No. 3, pp. 275-285
[50-53]. The com par i son showed that our cho sen sam -
pling sites were much less pol luted than the ur ban and
in dus trial sites cov ered in those stud ies. 
For ex am ple, we found a pro nounced dif fer ence
in the Mg con cen tra tions be tween the ur ban site, Bel -
grade, on one hand, and Sokobanja and the Djerdap
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Ta ble 1. El e men tal com po si tion (in mgkg–1): (mean ± stan dard de vi a tion) and range (min-max) of the moss spe cies per
each lo ca tion; sym bols of the el e ments not pre vi ously re ported for mosses in Ser bia are given in bold
Sokobanja Djerdap Na tional Park
El e ment Mean ± st. dev. Range Mean ± st. dev. Range
Na 400 ± 250 94.9-873 650 ± 370 151-1240
Mg 570 ± 390 152-1460 430 ± 100 252-534
Al 4200 ± 2200 1060-10100 4100 ± 1400 1840 -5900
Cl 520 ± 760 83.2-2750 260 ± 220 42.6-756
K 7300 ± 2000 4750-11900 6800 ± 2200 3830 -11200
Ca 25000 ± 16000 11900-61600 13800 ± 4100 7640 -19000
Sc 0.9 ± 0.6 0.185-2.53 0.9 ± 0.4 0.272-1.52
Ti 290 ± 210 57.8-788 260 ± 100 100-408
V 7.2 ± 3.6 2.06-15.2 7.0 ± 2.5 2.55-10
Cr 8.1 ± 5.6 1.82-22 9.2  ± 3.7 2.52-13.8
Mn 98 ± 50 42.6-216 117 ± 45 42.7-184
Fe 2900 ± 2000 588-7700 3100 ± 1300 890-4930
Ni 5.0 ± 2.5 1.42-10.8 4.7 ± 1.6 2.3-6.46
Co 1.09 ± 0.76 0.255-3 1.26 ± 0.58 0.382-2.2
Cu 13 ± 5 5.88-23.5 12 ± 3 7.96-16.3
Zn 30 ± 8 14-46.4 40 ± 17 17.7-67.5
As 2.9 ± 1.5 0.434-5.35 2.8 ± 1.4 0.513-4.82
Se 0.22 ± 0.05 0.103-0.299 0.31 ± 0.12 0.152-0.498
Br 4.2 ± 2.1 2.2-10.9 3.6 ± 1.2 1.45-5.05
Rb 10 ± 5 4.35-25.7 9 ± 4 3.65-15
Sr 30 ± 15 12.2-68.8 42 ± 18 12.1-68.4
Zr 27 ± 32 3.87-150 20 ± 10 6.37-37.4
Mo 0.36 ± 0.17 0.139-0.633 0.5 ± 0.2 0.167-0.927
Ag 0.055 ± 0.013 0.0198-0.0826 0.056 ± 0.046 0.025-0.0751
Cd 0.21 ± 0.22 0.0358-0.821 0.19 ± 0.14 0.0601-0.438
Sb 0.23 ± 0.08 0.121-0.348 0.41 ± 0.19 0.113-0.627
I 1.5 ± 0.4 0.841-2.64 1.4 ± 0.5 0.701-2.06
Ba 41 ± 21 11.9-83.2 72 ± 31 32.4-124
Cs 0.7 ± 0.5 0.0992-1.66 0.6 ± 0.6 0.149-1.98
La 3 ± 3 0.638-11.3 3 ± 2 0.946-5.78
Ce 6 ± 5 0.917-21.6 5 ± 3 1.37-8.89
Nd 4 ± 2 1.07-8.61 4 ± 3 0.841-9.99
Sm 0.6 ± 0.4 0.1-1.86 0.5 ± 0.3 0.063-0.882
Eu 0.13 ± 0.06 0.0256-0.298 0.13 ± 0.04 0.0556-0.185
Gd 0.5 ± 0.6 0.044-2.22 0.5 ± 0.4 0.0445-1.3
Tb 0.07 ± 0.06 0.014-0.228 0.06 ± 0.03 0.0186-0.107
Dy 0.4 ± 0.3 0.149-1.03 0.3 ± 0.1 0.209-0.475
Tm 0.4 ± 0.6 0.0251-2.54 0.7  ± 1.1 0.0534-3.37
Yb 0.22 ± 0.17 0.0632-0.71 0.26 ± 0.12 0.0794-0.471
Lu 0.22 ± 0.26 0.00246-1.14 0.16 ± 0.20 0.00109-0.514
Hf 0.6 ± 0.7 0.116-3 0.5 ± 0.3 0.12-0.956
Ta 0.07 ± 0.06 0.0145-0.205 0.07 ± 0.03 0.0219-0.124
W 0.4 ± 0.1 0.178-0.71 0.3 ± 0.1 0.227-0.513
Au 0.019 ± 0.015 0.00461-0.0705 0.017 ± 0.013 0.00384-0.0396
Hg 0.18 ± 0.17 0.0169-0.551 0.24 ± 0.21 0.0352-0.54
Th 0.98 ± 0.79 0.166-3.38 0.81 ± 0.39 0.241-1.32
U 0.36 ± 0.29 0.0319-1.25 0.31 ± 0.13 0.0797-0.456
Na tional Park, on the other hand. The Mg con cen tra -
tions were ap prox i mately 20 times higher in the Bel -
grade sam ples. The con cen tra tion of Mg in mosses
shows a sea sonal pat tern [54], and the ob served dif fer -
ences could partly re sult from the in her ent sea sonal
vari a tions. Fur ther, as dis cussed in [25], Mg in mosses
could be of anthropogenic or i gin or a re sult of leach ing 
from higher plants. It should be noted that those dif fer -
ences in the Mg con cen tra tions were not ev i dent in a
com par i son to the Nikola Tesla power plant lo ca tion
[49]. In stead, in that lo ca tion, Ni, Co, Cd, and Hg
showed higher con cen tra tions than in our sam pling
sites.
The nickel con cen tra tion in the soil var ies with
geo log i cal and anthropogenic in put, and its
anthropogenic sources in clude coal fly ash, waste
from metal man u fac tur ing, at mo spheric de po si tion,
ur ban re fuse, and sew age sludge [55]. Nickel is one of
the el e ments that plants largely take up from the soil
[3]. Con cen tra tions of this el e ment in mosses around
the Nikola Tesla power plant were higher than in our
sam ples (by a fac tor of 4), al though in [49] it was noted 
that only Cd mea sured in the vi cin ity of the power
plant did not fall in the range of con cen tra tions re -
ported for Ser bia [32]. In deed, higher con cen tra tions
of nickel have been as so ci ated with coal-burn ing
power plants [56], but also oil re fin er ies [34]. 
For some of the in ves ti gated el e ments, the range
of the ob tained con cen tra tion spanned one or more or -
ders of mag ni tude (tab. 1). For ex am ple, the Ti con cen -
tra tions mea sured in Sokobanja gave the stan dard de -
vi a tion which was ~70 % of the mean. A sim i lar re sult
was found in [27], where the min i mum and max i mum
Ti con cen tra tions in the moss sam ples of North ern
Ser bia were shown to dif fer thirtyfold. The main
source of Ti in the moss sam ples is dry de po si tion of
soil par ti cles ([57] and our fac tor anal y sis, see be low),
and the wide range of mea sured Ti con cen tra tions in
our sam ples is likely a re sult of the soil com po si tion
and other fac tors that in flu ence its bioavailability and
ac cu mu la tion [58].
The con cen tra tions of six el e ments in mosses in
Ser bia that are re ported here for the first time showed
higher con cen tra tion max ima than the ones re ported
for sam ples of Hylocomium splendens col lected in
Nor way dur ing 1995 [57]. That study showed that the
con cen tra tions of Nd, Gd, Tm, Yb, and Lu in moss
were pri mar ily in flu enced by the dry de po si tion of the
soil par ti cles. The sim i lar i ties in the mean con cen tra -
tions of these el e ments in mosses in Ser bia with the re -
sults of [59] for sam ples of Hypnum cupressiforme
col lected in Al ba nia dur ing 2010 and 2011, would,
there fore, in di cate a sim i lar soil com po si tion in those
two coun tries.
LI CHEN
Ta ble 4 gives a con tent of 47 el e ments de ter -
mined in the sam ples of li chen. Sim i larly to the ob -
tained con cen tra tions in mosses, the el e men tal com po -
si tion of the li chen sam ples ex hib ited some rel a tively
large ranges of val ues. This find ing could par tially be
ex plained by the fact that the main source of heavy
met als in the thalli of the li chens of the ge nus Cladonia
is the sub strate com po si tion in the im me di ate vi cin ity
[60]. 
J. V. Ajti}, et al.: El e men tal Com po si tion of Moss and Li chen Spe cies in East ern ...
280 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2018, Vol. 33, No. 3, pp. 275-285
Ta ble 2. The mean and me dian con cen tra tions of the el e ments of spe cial in ter est mea sured in mosses in Ser bia over
2006-2009, and notes on a com par i son to the re sults of [30]
El e ment Mean [mgkg–1] Median [mgkg–1]
Com par i son with [30]
Mean Me dian com pared to the neigh bours
Ar senic 2.9 2.8 The high est val ues Higher
Cad mium 0.21 0.11 Within the range Lower
Chro mium 8.4 7.1 Within the range Higher
Cop per 12.4 12 Within the range Higher
Iron 2920 2250 Within the range Higher
Mer cury 0.20 0.12 The high est val ues Higher, ex cept in Al ba nia
Nickel 4.9 4.7 Within the range Higher, ex cept in Al ba nia
Va na dium 7.2 7.0 Within the range Higher
Zinc 34 33 Within the range Within the range
Alu minum 4160 3980 Within the range Higher
An ti mony 0.28 0.27 Within the range Higher
Ta ble 3. The me dian val ues (in mgkg–1) of el e ments
mea sured in Ser bia within the Eu ro pean sur veys in 2000
[28] and 2005 [29], and the me dian in our moss sam ples
col lected over 2006-2009
El e ment 2000 2005 2006-2009
Alu minum Not mea sured 3946 3980
Va na dium 9.26 5.76 7.0
Chro mium 5.07 6.44 7.1
Iron 2360 2267 2250
Nickel 5.65 4.43 4.7
Cop per 16.9 11.1 12
Zinc 32.6 29.0 33
Ar senic 1.44 1.41 2.8
Cad mium Not mea sured 0.26 0.11
An ti mony Not mea sured 0.24 0.27
Mer cury 0.386 Not mea sured 0.12
A com par i son of the con cen tra tion ra tios for li -
chen sam pled in Gamzigrad and the Djerdap Na tional
Park showed val ues mostly greater than one, al though
still less than ten. These higher metal con cen tra tions in 
li chen in Gamzigrad are most likely an ev i dence of the
en vi ron men tal pol lu tion in the nearby Bor cop per
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Ta ble 4. El e men tal com po si tion (in mgkg–1): (mean ± stan dard de vi a tion) and range (min-max) of the li chen spe cies per
each lo ca tion
Djerdap National Park Gamzigrad
El e ment Mean ± st. dev. Range Mean ± st. dev. Range
Na 350 ± 70 240-442 600 ± 280 205-1310
Mg 340 ± 130 230-598 530 ± 350 297-1420
Al 1370 ± 570 750-2130 4500 ± 1100 2630-6500
Cl 720 ± 350 233-1110 110 ± 20 69.5-127
K 3800 ± 500 3030-4430 7200 ± 1400 5870-10800
Ca 13300 ± 18000 1200-46100 17000 ± 6000 6420-28400
Sc 0.29 ± 0.11 0.206-0.442 1.2 ± 0.2 0.73-1.52
Ti 120 ± 40 73.3-187 340 ± 110 184-535
V 2.9 ± 1.2 1.65-4.73 8.8 ± 1.9 5.05-10.7
Cr 3.1 ± 0.9 1.91-4.78 8.0 ± 2.0 4.37-11.6
Mn 125 ± 122 19-368 92 ± 22 39.9-128
Fe 930 ± 350 582-1610 3400 ± 800 1820-4490
Ni 1.7 ± 0.5 1.17-2.37 5.0 ± 1.2 3.05-7.05
Co 0.46 ± 0.15 0.328-0.744 1.40 ± 0.37 0.756-2
Cu 4 ± 2 1.66-7.12 30 ± 8 22-48.5
Zn 22 ± 0 12.2-36.6 47 ± 7 32-56.2
As 1.4 ± 0.4 0.871-1.86 6.6 ± 2.0 3.62-10.6
Se 0.38 ± 0.06 0.31-0.485 0.57 ± 0.11 0.433-0.82
Br 3.8 ± 0.9 2.96-5.81 2.8 ± 0.8 1.7-3.88
Rb 2.3 ± 1.4 0.515-3.81 7 ± 2 4.12-9.8
Sr 17 ± 10 6.91-33.5 41 ± 13 13.7-53.5
Zr 8 ± 3 3.57-13.4 19 ± 8 9.63-37.3
Mo 0.25 ± 0.07 0.175-0.394 1.0 ± 0.3 0.413-1.6
Ag 0.07 ± 0.03 0.0378-0.145 0.08 ± 0.03 0.0424-0.145
Cd 0.10 ± 0.02 0.0599-0.131 0.34 ± 0.23 0.154-0.862
Sb 0.27 ± 0.09 0.148-0.404 0.54 ± 0.24 0.346-1.01
I 2.1 ± 0.3 1.81-2.81 1.5 ± 0.5 0.675-2.46
Ba 76 ± 73 7.91-197 69 ± 26 34.3-129
Cs 0.22 ± 0.11 0.0814-0.405 0.5 ± 0.2 0.314-0.878
La 1.0 ± 0.4 0.535-1.61 2.9 ± 0.8 1.3-3.97
Ce 1.8 ± 0.7 0.895-2.64 5 ± 1 2.43-7.31
Nd 5 ± 2 3.32-9.6 5 ± 3 1.31-11
Sm 0.16 ± 0.07 0.0813-0.3 0.5 ± 0.1 0.237-0.698
Eu 0.04 ± 0.01 0.018-0.0505 0.11 ± 0.04 0.0254-0.169
Gd 0.03 ± 0.02 0.0124-0.0726 0.4 ± 0.5 0.0431-1.32
Tb 0.028 ± 0.13 0.0139-0.0456 0.07 ± 0.03 0.03-0.122
Dy 0.16 ± 0.06 0.0789-0.236 0.4 ± 0.1 0.273-0.721
Tm 0.033 ± 0.016 0.014-0.0613 0.24 ± 0.24 0.0396-0.595
Yb 0.06 ± 0.02 0.0254-0.0932 0.25 ± 0.06 0.136-0.335
Lu 0.05 ± 0.05 0.00596-0.136 0.14 ± 0.21 0.00146-0.682
Hf 0.12 ± 0.05 0.0534-0.21 0.4 ± 0.1 0.207-0.618
Ta 0.022 ± 0.008 0.0117-0.0333 0.06 ± 0.02 0.0309-0.0911
W 0.22 ± 0.11 0.119-0.453 0.28 ± 0.05 0.224-0.377
Au 0.04 ± 0.04 0.00855-0.135 0.025 ± 0.015 0.00338-0.0508
Hg 0.3 ± 0.1 0.107-0.459 0.3 ± 0.2 0.0161-0.684
Th 0.20 ± 0.07 0.122-0.311 0.90 ± 0.35 0.369-1.5
U 0.083 ± 0.027 0.0489-0.108 0.41 ± 0.11 0.243-0.557
min ing and smelt ing com plex (fig. 1), the ma jor pol lu -
tion source in East ern Ser bia [27, 34]. The ra tios also
showed a paired in crease in gad o lin ium and thu lium
con cen tra tions in Gamzigrad, pos si bly aris ing from
the fact that thu lium is of ten found with min er als that
con tain gad o lin ium.
We fur ther com pared our re sults to the re sults of
[61], wherein sam ples of two li chen spe cies (nei ther
was Cladonia fimbriata) were col lected dur ing 2009
in two sites close of the city of Nis, an ur ban and in dus -
trial cen tre of South east ern Ser bia. Our re sults showed 
el e vated con cen tra tions of Fe, Mn, Cu, Ti, and Cr in li -
chen from both the Djerdap Na tional Park and
Gamzigrad. The dif fer ences were most pro nounced
for ti ta nium, the con tent thereof was of an or der of
mag ni tude higher in our sam ples. As al ready men -
tioned, Ti in the moss sam ples orig i nates pri mar ily
from the dry de po si tion of soil par ti cles ([57] and our
fac tor anal y sis, see be low), so these dif fer ences likely
mir ror the soil com po si tion at the sam pling sites.
FAC TOR ANAL Y SIS
Fac tor anal y sis was per formed to iden tify: (a)
the un der ly ing fac tors to which the mea sured con cen -
tra tions can be as so ci ated, and (b) the most pol luted
mea sure ment site. Five iden ti fied fac tors ex plain
around 37 %, while the stron gest con trib ut ing fac tor
ex plains as much as 21 % of the to tal vari ance in the
mea sured el e men tal con cen tra tions (tab. 5).  
Fac tor 1 showed very high load ing fac tors for 25
el e ments which are found in most types of soil [27,
34]. There fore, fac tor 1 can be classed as a terrigenous
com po nent, al though its in flu ence can be com bined
with anthropogenic ac tiv i ties, such as fer rous-nickel
metal in dus try [34, 62]. 
Fac tor 2 con trib uted around 6 % to the to tal vari -
ance of the mea sure ments and had a high load ing fac -
tor for five chalcophile el e ments (Cu, Zn, As, Se, and
Sb) and Mo. All these el e ments ex cept Zn were also
grouped in a fac tor anal y sis con ducted by [34] and
were classed as an in dus trial com po nent. To cor rob o -
rate this find ing, we also ana lysed fac tor scores, and
the fac tor 2 scores showed the high est val ues for the
sam ples taken from Gamzigrad. Spe cif i cally, three out 
of eleven sam ples ex hib ited scores higher than 2,
seven sam ples scores higher than one, and only one
sam ple gave fac tor 2 score less than 1. This im plies
that Gamzigrad, al though a town of no in dus trial ac tiv -
i ties, is un der an in flu ence of the Bor cop per min ing
and smelt ing com plex, which is lo cated roughly 30 km 
north of Gamzigrad, and is the ma jor pol lu tion source
in East ern Ser bia [27, 34]. Hence, our re sults show that 
even at a dis tance of 30 km, the sig na ture of the pol lu -
tion source is ev i dent and de tect able in li chens.
Each of the re main ing three fac tors from fac tor
anal y sis con trib uted around 3 % to the to tal vari ance of 
the mea sure ments and en com passed 16 in ves ti gated
el e ments. 
It might be worth not ing that the fac tor anal y sis
im plied a strong mu tual re la tion ship for some of the el -
e ments re ported here for the first time. For ex am ple,
the con cen tra tions of Gd and Tm seem to be strongly
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Ta ble 5. Fac tor anal y sis re sults – fac tor load ings as a
func tion of the mea sured el e ments; for each el e ment, the
high est fac tor load ing is given in bold
El e ment F1 F2 F3 F4 F5
Na 0.61 0.43 –0.10 0.34 –0.10
Mg 0.66 0.11 0.07 0.43 0.12
Al 0.84 0.35 0.16 0.03 –0.04
Cl –0.29 –0.19 0.77 0.01 0.24
K 0.36 0.33 0.64 –0.29 –0.12
Ca 0.10 0.00 0.77 0.27 –0.06
Sc 0.85 0.44 0.05 0.05 –0.01
Ti 0.84 0.29 –0.03 0.15 0.15
V 0.83 0.44 0.14 0.07 0.09
Cr 0.95 0.18 0.01 0.09 0.07
Mn 0.39 –0.07 –0.07 0.66 –0.09
Fe 0.93 0.31 0.01 0.06 0.09
Ni 0.89 0.29 0.19 0.02 0.08
Co 0.89 0.36 0.03 0.14 0.05
Cu 0.20 0.83 0.03 –0.14 –0.09
Zn 0.43 0.72 0.06 –0.11 –0.06
As 0.29 0.83 0.25 0.07 0.15
Se –0.25 0.76 –0.20 0.32 0.22
Br –0.05 –0.18 0.70 –0.04 –0.04
Rb 0.87 0.06 0.27 –0.11 –0.10
Sr 0.58 0.51 –0.04 0.12 –0.12
Zr 0.84 –0.13 –0.09 0.16 0.34
Mo 0.23 0.85 –0.13 0.15 –0.04
Ag 0.08 0.35 –0.02 0.75 0.00
Cd 0.16 0.41 0.32 –0.05 0.70
Sb 0.12 0.72 –0.30 0.30 0.04
I 0.01 –0.03 0.26 0.72 0.18
Ba 0.18 0.19 –0.13 0.71 0.08
Cs 0.50 0.12 0.74 0.03 0.13
La 0.97 0.05 0.04 0.07 0.15
Ce 0.96 0.07 –0.03 0.08 0.15
Nd 0.06 0.06 0.01 0.11 0.46
Sm 0.94 0.02 0.05 0.07 0.17
Eu 0.86 0.18 0.16 –0.05 –0.13
Gd 0.73 0.00 0.03 –0.03 0.53
Tb 0.94 0.10 0.03 0.19 0.16
Dy 0.88 0.20 0.04 0.03 0.03
Tm 0.49 –0.06 –0.14 0.02 0.61
Yb 0.91 0.24 0.01 0.00 0.05
Lu 0.54 –0.12 0.10 0.05 0.70
Hf 0.88 –0.09 –0.09 0.09 0.29
Ta 0.98 0.09 0.03 0.08 0.05
W 0.80 –0.11 –0.03 –0.02 –0.04
Au –0.14 –0.05 0.08 0.62 –0.30
Hg 0.09 0.14 0.05 0.35 –0.74
Th 0.94 0.10 0.02 0.01 0.16
U 0.89 0.24 –0.09 0.01 0.21
Ex plained
vari ance [%] 21.05 5.92 3.30 3.45 3.21
in flu enced by fac tors 1 and 5 (tab. 5). As al ready men -
tioned, thu lium is of ten found with min er als that con -
tain gad o lin ium, so the re la tion ship of the el e ments in
the moss com po si tion is most likely a re flec tion of the
soil char ac ter is tics. A fu ture study of the el e men tal
com po si tion in biomonitors should also in clude an
anal y sis of the soil sam ple com po si tion hence a sig nif -
i cance of dif fer ent in flu enc ing pa ram e ters, in clud ing
pol lu tion sources, could be re solved [25, 59, 63].
CON CLU SIONS
In stru men tal neu tron ac ti va tion anal y sis used in
this study al lowed de ter mi na tion of con cen tra tions of
47 el e ments in mosses (Homolothecium sp., Hypnum
cupressiforme Hedw., Brachythecium mildeanum
(Schimp.) Schimp.) and li chen (Cladonia fimbriata
(L.) Fr.) col lected in three lo ca tions in East ern Ser bia
over 2006-2010. The study pro vided an in sight into
the moss com po si tion over a pe riod that bridged the
gap in Ser bia's par tic i pa tion in the Eu ro pean moss sur -
veys of the ICP Veg e ta tion Programme: Ser bia took
part in the 2000 and 2005 but not in the 2010 moss sur -
vey. Fur ther, the high sen si tiv ity of INAA en abled de -
ter mi na tion of con cen tra tions of six el e ments (Zr, Nd,
Gd, Tm, Yb, and Lu) that have not been mea sured in
mosses in Ser bia be fore.
The mea sured con cen tra tions in the moss sam -
ples were within the ranges pre vi ously re ported for
Ser bia and its neigh bour ing coun tries. Ar senic and
mer cury in our study, with the mean of 2.9 mgkg–1 and
0.20 mgkg–1, re spec tively, showed very high con cen -
tra tions that are com pa ra ble to the high est val ues given 
for Eu rope. A gen eral de crease in con cen tra tions of el -
e ments of spe cial in ter est which has been re ported in
mosses across Eu rope could not be sup ported by our
re sults.
The ob tained con cen tra tion ra tios in mosses re -
vealed no sig nif i cant dif fer ences be tween the sam -
pling sites. In li chen, how ever, higher con cen tra tions
of a num ber of el e ments were mea sured at the
Gamzigrad site, lo cated near the Bor com plex, which
is the ma jor source of pol lu tion in the in ves ti gated re -
gion. Apart from the el e vated cop per con cen tra tions,
that site also reg is tered in creased con cen tra tions of
gad o lin ium and thu lium.
Fac tor anal y sis was per formed to de ter mine the
ma jor fac tors that con trib ute to the mea sured con cen tra -
tions as well as to sin gle out the most pol luted mea sure -
ment site. The re sults of fac tor anal y sis ad di tion ally
sup ported the find ings for pol lu tion in Gamzigrad, and
showed that li chens bear a rec og niz able sig na ture of the 
pol lu tion source lo cated 30 km away. More over, fac tor
anal y sis showed that the high est two con trib ut ing fac -
tors to the vari ance of the in ves ti gated el e ments were of
terrigenous and in dus trial char ac ter. In a fu ture study
aim ing to dis tin guish these ma jor con trib ut ing fac tors,
con cur rent anal y ses of soil and biomonitor el e men tal
com po si tion should be per formed.
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Jelena V. AJTI], Darko Z. SARVAN, Branislava M. MITROVI],
Ana A. ^U^ULOVI], Rodoqub D. ^U^ULOVI], Marina V. FRONTASJEVA
ELEMENTARNI  SASTAV  MAHOVINA  I  LI[AJEVA  U  ISTO^NOJ  SRBIJI
Sadr`aj 47 elemenata  (Na, Mg, Al, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Ni, Co, Cu, Zn, As, Se, Br, Rb, Sr,
Zr, Mo, Ag, Cd, Sb, I, Ba, Cs, La, Ce, Nd, Sm, Eu, Gd, Tb, Dy, Tm, Yb, Lu, Hf, Ta, W, Au, Hg, Th, U) u uzorcima
mahovina (Homolothecium sp., Hypnum cupressiforme Hedw. i Brachythecium mildeanum (Schimp) Schimp.) i
li{ajeva (Cladonia fimbriata (L.) Fr.) odre|en je pomo}u instrumentalne nautronske aktivacione
analize. Uzorci su tokom 2006-2010 prikupqeni na tri lokacije u isto~noj Srbiji. Koncentracije
{est elemenata (Zr, Nd, Gd, Tm, Yb, Lu) u mahovinama u Srbiji merene su po prvi put. Koncentracije
ostalih elemenata nalaze se u opsezima koji su u literaturi objavqeni za mahovine i li{ajeve u
Evropi. Na{i rezultati ne ukazuju na opadaju}i trend u koncentracijama V, Cd, Cr, Zn, Ni, Fe i Cu,
koji je dat u pojedinim evropskim studijama. Faktorska analiza pokazuje da su terigena i indu-
strijska komponenta faktori sa najvi{im uticajem na elementarni sastav mahovina i li{ajeva,
kao i da je najzaga|enija lokacija u blizini Rudarsko-topioni~arskog basena Bor.
Kqu~ne re~i: biomonitoring, mahovine, li{ajevi, instrumentalna neutronska aktivaciona
..........................analiza, elementarni sastav, faktorska analiza
